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1 .  Introduction 

I n  r e c e n t  y e a r s ,  I have r e c e i v e d  q u e s t i o n s  as t o  t h e  n a t u r e  

of  a d v a n c e s  i n  t h e  d e v e l o p m e n t  o f  e l e c t r i c  p r o p u l s i o n  o r  

c o n c e r n i n g  t h e  b r i g h t e n i n g  p r o s p e c t s  t oward  t h e  i n c r e a s i n g  s i z e  

a n d  p o w e r  o f  s a t e l l i t e s  w h i c h  c o n c e r n  t h e  w h o l e  f i e l d  o f  

e l e c t r i c  p r o p u l s i o n .  F i r s t ,  a p p a r e n t l y  c o n s i d e r i n g  J a p a n ' s  own 

s t r e n g t h  i n  t h i s  f i e l d ,  a j o u r n a l i s t  a s k e d  "How f a r  h a v e  f o r e i g n  

c o u n t r i e s  p r o g r e s s e d  and  how is J a p a n  f a r i n g ? " ;  a l s o  a s p a c e  

p h y s i c s  t e c h n o l o g i s t  w o n d e r e d  "We h a v e  t h e  i o n  e n g i n e ,  t h e  MPD 

a r c j e t ,  a n d  t h e  t e f l o n  t h r u s t e r ,  b u t  w h i c h  i s  t h e  m o s t  

d e s i r a b l e ? " ;  w h i l e  o n e  s t u d e n t  s t a t e d  " T h i s  i s  n a t u r a l l y  v e r y  

i n t e r e s t i n g ,  b u t  t e a c h  me s o m e t h i n g  t h a t  w i l l  h e l p  me i n  my - / 90  
s t u d i e s . "  

S e v e r a l  y e a r s  a g o ,  t h i s  a u t h o r  a l s o  q u e s t i o n e d  a NASA i o n  

e n g i n e  r e s e a r c h e r  a b o u t  i t s  f u t u r e  p r o s p e c t s .  T h a t  p e r s o n  

* Numbers i n  t h e  margin  i n d i c a t e  p a g i n a t i o n  i n  t h e  f o r e i g n  t e x t .  
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answered  my q u e s t i o n s ,  p r e f a c i n g  h i s  r e m a r k s  w i t h  "1, p e r s o n a l l y ,  

a m  b i a s e d  t o w a r d  t h e  i o n  eng ine . . . " ,  and  I ,  l i k e w i s e ,  w o u l d  l i k e  

t o  s u b t i t l e  t h i s  d i s s e r t a t i o n  " H a v i n g  a B i a s  Toward  t h e  MPD 

Arcjet" and w i l l  a t t e m p t  t o  answer t h e  above-mentioned q u e s t i o n s  

f r o m  t h a t  a s p e c t .  F i g u r e  1 i s  a c h a r t  s h o w i n g  o b j e c t i v e  d a t a  

w h i c h  i s  a n  o v e r v i e w  o f  a l l  o f  

t h e  a c t i v e  f i e l d s  o f  s t u d y  

c o n c e r n i n g  e l e c t r i c  p r o p u l s i o n .  

T h i s  s h o w s  t h e  s p e c t r u m  o f  

a r t i c l e s  r e l e a s e d  a t  

I n t e r n a t i o n a l  E l e c t r i c  

' O n f e r e n c e s  a n d  Fig. 1 Changes i n  announcements o f  
e l e c t r i c  p r o p u l s i o n  r e l a t e d  

b r e a k s  d o w n  t h e  80  t o  1 0 0  a r t i c l e s .  

a r t i c l e s  r e l e a s e d  a t  e a c h  

c o n f e r e n c e .  You c a n  see,  as you l o o k  a t  t h i s ,  t h a t  t h e  number of  

MPD a r c j e t  r e l a t e d  a r t i c l e s  has  i n c r e a s e d  w i t h  e a c h  c o n f e r e n c e ,  

u n t i l  r e c e n t l y ,  when t h e y  r a n k  w i t h  t h o s e  a b o u t  t h e  i o n  e n g i n e .  

Now, s i n c e  i t  i s  d i f f i c u l t  t o  u n d e r s t a n d  t h e  c o n t e n t  o f  t h e s e  

a r t i c l e s  s i m p l y  f r o m  n u m b e r s ,  I w i l l  a l s o  a d d r e s s  t h e i r  

o r i g i n a l i t y .  I d i g r e s s ,  b u t  I wonder  i f  t h e  r e a d e r  i s  aware o f  

t h e  u n i q u e n e s s  o f  t h e  1981 data. There  were more t h a n  t h e  u s u a l  

number  o f  m i s s i o n  and  s y s t e m  r e l a t e d  a r t i c l e s ,  a g r e a t  many o f  

w h i c h  were a r t i c l e s  f r o m  t h e  U n i t e d  S t a t e s  c o n c e r n i n g  t h e  S E P  

( s o l a r  e l e c t r i c  p r o p u l s i o n )  m i s s i o n  a i m e d  a t  a H a l l e y ' s  c o m e t  

rendezvous .  One g o t  t h e  i m p r e s s i o n  t h a t  t h i s  was q u i t e  t h e  most 

p o p u l a r  s u b j e c t ,  b u t  t h e s e  p l a n s  were c a n c e l e d  j u s t  p r i o r  t o  t h a t  

y e a r ' s  c o n f e r e n c e ,  i n  t h e  wake o f  w h i c h  o t h e r  a r t i c l e s  were 
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wi thdrawn ,  making it  a r a t h e r  d e s o l a t e  c o n f e r e n c e .  

The  c h a r a c t e r i s t i c s  o f  t h e  v a r i o u s  k i n d s  o f  t h r u s t e r s ,  

i n c l u d i n g  c h e m i c a l  r o c k e t s ,  a r e  shown i n  F i g u r e  2 [ l ] .  T h i s  
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c h a r t  p l o t s  s p e c i f i c  i m p u l s e  

w i t h  r e s p e c t  t o  t h r u s t  d e n s i t y ,  

s h o w i n g  t h e  v a r i o u s  u s a g e  

c o n d i t i o n s  o f  v a r i o u s  t h r u s t e r s ,  

w i t h o u t  e x p r e s s i n g  t h e  

s u p e r i o r i t y  o r  i n f e r i o r i t y  o f  

t h e  c h a r  a c t  e r  i s t i c s .  T h e  

e l e c t r i c  t h r u s t e r s  are d i s p e r s e d  

t o  t h e  r i g h t  a n d  b e l o w  t h e  

c e n t e r  o f  t h e  f i g u r e .  If t h e  

s i z e  o f  t h e  t h r u s t e r s  a r e  l i m i t e d  
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Fig .  2 S p e c i f i c  i m p u l s e s  8 t h r u s t  
d e n s i t i e s  of var ious thrusters- 

t o  a c e r t a i n  e x t e n t ,  i t  can  b e  

s e e n  t h a t ,  among t h e  e l e c t r i c  t h r u s t e r s ,  t h e  MPD a r c j e t  i s  

a f f i l i a t e d  w i t h  t h o s e  i n  t h e  h ighe r  t h r u s t  c a t e g o r i e s .  A d e v i c e  

c a l l e d  t h e  c o n v e n t i o n a l  a r c j e t  is l o c a t e d  a d j a c e n t  t o  t h e  l e f t  o f  

t h e  M P D  a r c j e t  i n  t h e  f i g u r e ,  b u t  t h i s  i s  a r e l a t i v e  o f  t h e  MPD 

a r c j e t .  The p u l s e d  p l a s m a  t h r u s t e r  t o t h e  l o w e r  r i g h t  o f t h e  MPD 

a r c j e t  and  t h e  t e f l o n  t h r u s t e r ,  o m i t t e d  f r o m  t h i s  f i g u r e ,  a l s o  

o p e r a t e  v e r y  s i m i l a r l y  t o  t h e  MPD a r c j e t .  

2. Complications i n  Research and Development 

I t ' s  a l i t t l e  l a t e  t o  b e  i n t r o d u c i n g  t h i s ,  b u t  "MPD a r c j e t "  

i s  a n  a b b r e v i a t i o n  o f  " m a g n e t o p l a s m a d y n a m i c  a r c  j e t " .  B e s i d e s  

t h i s ,  i t  i s  w r i t t e n  as MPD t h r u s t e r  o r  MPD e n g i n e ,  e m p h a s i z i n g  
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t h a t  i t  is  a t h r u s t e r .  I n  t h e  f o l l o w i n g ,  t h e r e  w i l l  b e  i n s t a n c e s  

i n  w h i c h  i t  w i l l  b e  a b b r e v i a t e d  s i m p l y  as "MPD", b u t  i f  t h e  

r e a d e r  w o u l d  b e  s o  k i n d ,  I would  a s k  t h a t  y o u  r e a d  t h e s e  3 

e x p r e s s i o n s  i n t e r c h a n g e a b l y .  

A r c j e t s  were d i s c u s s e d  as r e l a t i v e s  o f  t h e  MPD a r c j e t  f o r  

t h e  p u r p o s e  o f  e x p l a i n i n g  F i g u r e  2 ,  b u t  t h e s e  have b e e n  r e s e a r c h  

s i n c e  t h e  l a t t e r  h a l f  o f  t h e  1950 's  a s  j e t s  w h i c h  u s e d  

a p p r o x i m a t e l y  20,000"K plasma as t h e i r  s o u r c e  o f  e n t h a l p y ,  w i t h  

t h e  g o a l  g i v i n g  c h e m i c a l  r o c k e t s  h i g h e r  s p e c i f i c  impu l se .  S i n c e  

t h e  p l a s m a  i s  n o t  p a r a l l e l  t o  t h e  w a l l s  o f  t h e  d i s c h a r g e r  a t  t h i s  

h i g h  a t e m p e r a t u r e ,  t h e  amount o f  h e a t  t r a n s f e r r e d  t o  t h e  walls 

b e c o m e s  e x t r e m e l y  g rea t .  T h e r e  i s  t h e  me thod  o f  u t i l i z i n g  

r e g e n e r a t i o n  r e f r i g e r a t i o n ,  as w i t h  l i q u i d  hydrogen e n g i n e s ,  b u t  

s i n c e  i n c r e a s i n g  t h e  s p e c i f i c  i m p u l s e  t e n d s  t o  r e d u c e  f l o w ,  i t  

d i d  n o t  u l t i m a t e l y  h e l p  i n  c o o l i n g  t h e  e n g i n e ,  making t h i s  method 

a l l  t h e  more p r o b l e m a t i c  [ 2 ] .  Consequen t ly ,  t h i s  t y p e  o f  e n g i n e  

d i d  n o t  h a v e  s u f f i c i e n t  p r o p u l s i o n  e f f i c i e n c y  o r  d u r a b i l i t y .  

H o w e v e r ,  i t s  u t i l i z a t i o n  a s  a p l a s m a  t o r c h  f o r  w e l d i n g  and  

c u t t i n g  d i d  p r o g r e s s  on t h e  ground. 

The r a y  of  hope t h a t  b r o k e  t h r o u g h  t h e s e  o v e r c a s t  c o n d i t i o n s  

was a g r o u p  of  American I t a l i a n s ,  l e a d  by G i a n i n i ,  who developed  

t h e  a r c j e t  under  commiss ion  f r o m  NASA. Through r e p e a t e d  t r i a l -  

a n d - e r r o r  i n  s e a r c h  o f  t h e  o p t i m u m  e l e c t r o d e  s h a p e ,  t h e y  

a n n o u n c e d  a s h i n i n g  s u c c e s s  i n  1964 o f  a 10,000 s e c o n d  s p e c i f i c  

i m p u l s e  a t  6 8 %  e f f i c i e n c y  [ 3 ] .  The v a r i o u s  c h a n g e s  i n  t h e  

d i s c h a r g e r  shape  which accompanied t h e  t e s t s  d u r i n g  t h a t  s t r u g g l e  

c a n  b e  s e e n  ( i n  F i g u r e  3 ) .  The 1950's m o d e l s  were c l e a r l y  /91 
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-- d e s i g n e d  l i k e  t h e  c h e m i c a l  

r o c k e t s  s o  as t o  expand t h e  h igh  

t e m p e r a t u r e  p l a s m a  i n  a R a v a l l  

t u b e ,  b u t  i n  t h e  1 9 6 0 ' s  m o d e l s ,  

t h e  d i s c h a r g e r s  and n o z z l e s  were 

d o n e  away  w i t h  t o  t r y  and  r e d u c e  d d  
-- ud--- - a---- 

- 
t h e  a m o u n t  o f  l o s s  t o  t h e  wal ls ,  

1960 e v e n t u a l l y  b e c o m i n g  a p a i r  o f  - 

c o a x i a l  e l e c t r o d e s .  T h e r e  was 

s o m e  c o n c e r n  a s  t o  w h e t h e r  

e f f e c t i v e  e x p a n s i o n  a c c e l e r a t i o n  

c o u l d  b e  a c h i e v e d  i n  t h i s  k i n d  Fig. 3 

--I> CATllODE IU(ODE - 
1961 - 

M o d i f i c a t i o n s  o f  d i s c h a r g e r  
configurations i n  e a r l y  a r c j e t s  

o f  m a t r i x ,  b u t  t h a t  was answered by a few i m p o r t a n t  s e c r e t s  which 

were d i s c o v e r e d  by G i a n i n i ,  e t  a l .  [4]. Those s e c r e t s  were 

I )  n o t  t o  use a s u p e r s o n i c  n o z z l e ,  

2 )  

3 )  

4 )  t o  work toward homogeneity i n  t h e  j e t  c r o s s - s e c t i o n ,  and 

t o  r e d u c e  t h e  d imens ions  as much as p o s s i b l e ,  

t o  keep  c o o l i n g  t o  a minimum, 

5 )  t o  s t r e n g t h e n  t h e  e l e c t r o m a g n e t i c  e f f e c t  by s u p p l y i n g  a 

large e l e c t r i c a l  c u r r e n t .  

I n  o t h e r  w o r d s ,  p n e u m a t i c  a c c e l e r a t i o n  as  w e l l  as d i s s o c i a t i o n  

and  i o n i z a t i o n  e n e r g y  had  t o  be s a c r i f i c e d  t o  c o m p e n s a t e  f o r  

r e d u c t i o n s  i n  w a l l  s u r f a c e  a r e a ,  w h i c h  b e c a m e  t h e  c o m p a s s  

p o i n t i n g  t o w a r d  r e l i a n c e  on e l e c t r o m a g n e t i c  e n e r g y .  The MPD 

(magnetoplasmadynamic)  a r c j e t  t h u s  came t o  b e  s o  named f rom t h e s e  

k i n d s  o f  c o m p l i c a t i o n s .  

When t h i s  r e p o r t  was m a d e ,  l a r g e - s c a l e  r e s e a r c h  was 
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i n i t i a t e d  unde r  a n  o r g a n i z a t i o n  c o n s i s t i n g  o f  t h e  Un i t ed  S t a t e s '  

NASA L e w i s  R e s e a r c h  C e n t e r ,  A V C O ,  a n d  West Germany ' s  DFVLR. 

However ,  as w i t h  t h e  b e s t  l a i d  p l a n s  o f  mouse  and  men, d a t a  

became i n c r e a s i n g l y  undependable  as r e s e a r c h  p r o g r e s s e d .  Because 

t h e  k n o w l e d g e  c o n c e r n i n g  t e s t i n g  e n v i r o n m e n t s  w a s  l a c k i n g  and  

s i n c e  t h e  p e r f o r m a n c e  o f  t h e  mechan i sm i n  t h e  MPD a r c j e t  ( a s  a n  

e l e c t r i c  t h r u s t e r )  which exhaus ted  t h e  h igh- f low p r o p e l l a n t  w a s  

t o o  l o w  a t  t h i s  t i m e ,  a g r e a t  d e a l  o f  t e s t i n g  was p e r f o r m e d  i n  

h i g h  b a c k - p r e s s u r e  chambers  w i t h o u t  t h e  r e s e a r c h e r s  b e i n g  a w a r e  

o f  t h e  e f f e c t s  o f  r e v e r s e  c u r r e n t s  o n  t h e  d i s c h a r g e r .  

E v e n t u a l l y ,  a s u r p r i s i n g  phenomenon o c c u r r e d  when i m p u l s e  was 

deve loped  w i t h  t h e  p r o p e l l a n t  supp ly  v a l v e  c l o s e d .  I t  was t h e n  

d i s c o v e r e d ,  as t h e  r e s u l t  o f  t e s t s  u s i n g  a s u f f i c i e n t l y  l a r g e  

vacuum t a n k ,  i . e .  4.5 m $  x 20 m ,  a t  NASA's L e w i s  C e n t e r ,  t h a t  

p r o p e r  pe r fo rmance  c o u l d  n o t  be o b t a i n e d  u n l e s s  t h e  p r e s s u r e  w a s  

l o w e r  t h a n  2 x 10-4 Torr [ 5 ] , [ 6 ] .  T h u s ,  t h e  m a j o r i t y  o f  d a t a  

c o l l e c t e d  a t  h i g h  b a c k - p r e s s u r e s  was r e j e c t e d  i n c l u d i n g  t h e  

r e s u l t s  i n  which good per formance  was o b t a i n e d .  Peak pe r fo rmance  

t he rea f t e r  s t o p p e d  a t  2,000 s e c o n d s  s p e c i f i c  i m p u l s e  a t  20$  

e f f i c i e n c y .  

B a d  news  t e n d s  t o  a c c u m u l a t e  i n  t i m e s  o f  b a d  l u c k ,  a n d  i n  

k e e p i n g  w i t h  t h i s ,  A V C O ' s  Malliaris a n n o u n c e d  a r e p o r t  t o  t h e  

e f f e c t  t h a t  t h e r e  was a n  u p p e r  l i m i t  t o  s p e c i f i c  i m p u l s e  [ 7 ] .  

A s s i g n i n g  t h e  v a r i a b l e s  P t o  t h e  MPD a r c j e t ' s  t h r u s t ,  a n d  m, v i ,  
and M i  t o  t h e  p r o p e l l a n t  f l o w  amount ,  t h e  e l e c t r o l y t i c  v o l t a g e ,  

and a t o m i c  mass, r e s p e c t i v e l y ,  and e t o  t h e  e l e c t r o n  c h a r g e ,  t h e  

power  P r e q u i r e d  f o r  a p l a s m a  s t a t e  w h i c h  i s  nea r  c o m p l e t e  



i o n i z a t i o n  can  be c o n s i d e r e d  t o  be a p p r o x i m a t e l y  

P= FZ/2m+mcV,IM, ( 1 j  

When t h i s  f o r m u l a  i s  d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  m and s e t  

e q u a l  t o  z e r o ,  n a m e l y ,  by  a p p l y i n g  t h e  t h e o r y  o f  minimum w o r k ,  

t h i s  e q u a t i o n  becomes 
F,%=[2eV,/Mt;”* ( 2 )  

and t h e  f l o w  ra te ,  F/m, becomes t i e d  i n  w i t h  t h e  material  v a l u e s .  

T h i s  e f f e c t  i s  t h e  same as  t h e  h y p o t h e s i s  p u t  f o r t h  by  Nobe l  

P r i z e  winner  Alfven  r e g a r d i n g  t h e  o r i g i n  o f  t h e  s o l a r  s y s t e m ,  and 

i s  c a l l e d  t h e  “ A l f v e n  c r i t i c a l  v e l o c i t y ” ,  V c r  E810 A l f v e n  d i d  

n o t  work w i t h  MPD, b u t  r e s u l t s  have been  o b t a i n e d  i n  tes ts  u s i n g  

a c i r c u l a r  p lasma f l o w  which have shown t h a t ,  up t o  t h e  p o i n t  o f  

c o m p l e t e  i o n i z a t i o n ,  t h e  v e l o c i t y  o f  i o n i c  r e v o l u t i o n  d o e s  n o t  

e x c e e d  vcT [ g ] .  When t h i s  i s  d rawn  i n t o  t h e  o p e r a t i o n  o f  MPD, 

f o r m u l a  ( 2 )  h o l d s  t r u e  i n  t h e  s t a t e  i n  w h i c h  t h e  p r o p e l l a n t  h a s  

b e e n  c o m p l e t e l y  i o n i z e d ,  m e a n i n g  t h a t  t h e  f i r s t  and s e c o n d  

e x p r e s s i o n s  on  t h e  r i g h t  s i d e  o f  f o r m u l a  ( 1  ) h a v e  become n e a r l y  

e q u a l  which e q u a t e s  w i t h  t h e  achievement  o f  t h e  e q u i p a r t i t i o n  o f  

energy.  F u r t h e r m o r e ,  i f  t h e  i n p u t  e l e c t r i c  power is  i n c r e a s e d ,  

s i n c e  t h e  v a l u e  f o r  F w i l l  i n c r e a s e  w i t h  t h e  e l e c t r i c a l  power due 

t o  e l e c t r o m a g n e t i c  a c c e l e r a t i o n ,  r e g a r d l e s s  o f  t h e  v a l u e  o f  m, 

t h e  e l e c t r i c a l  d i s c h a r g e  r e q u i r e d  t o  b a l a n c e  t h e  e q u i p a r t i t i o n  

w i l l  b i n d  t o  t h e  e l e c t r o d e s  o r  w a l l s ,  f r e e l y  s u p p l y i n g  

p r o p e l l a n t .  If a r g o n  i s  u s e d  as  t h e  p r o p e l l a n t ,  t h e  s p e c i f i c  

i m p u l s e  w i l l  be  s topped  a t  a l o w  vcr=8.7 km/s. 

Due t o  t h e s e  k i n d s  o f  c i r c u m s t a n c e s ,  MPD r e s e a r c h  became  

r a t h e r  d i s c o u r a g i n g  and  was d r o p p e d  by b o t h  NASA and  DFVLR,  



a d d i n g  t o  t h e  pos t -Apol lo  s p a c e  r e c e s s i o n ,  and was c o n t i n u e d  o n l y  

i n  t h e  fo rm of academic  r e s e a r c h  a t  P r i n c e t o n  U n i v e r s i t y  i n  t h e  

U n i t e d  S t a t e s .  F r o m  a n o t h e r  v i e w p o i n t ,  i t  c o u l d  a l s o  b e  

c o n s i d e r e d  t h a t  t h i s  s i t u a t i o n  was due t o  t h e  f a c t  t h a t  t h e  

1960's  was n o t  y e t  t h e  age i n  w h i c h  m a s s i v e  e l e c t r i c a l  p o w e r ,  

a l o n g  t h e  o r d e r  o f  k i l o w a t t s ,  was used i n  space .  Arc p l a s m a  was 

used t h r o u g h  t h e  1960's a t  t h e  Space S c i e n c e s  Research Lab (now, 

t h e  S p a c e  a n d  A e r o n a u t i c s  R e s e a r c h  C e n t e r  (Uchu Koku K e n k y u j o ) )  

i n  e x p e r i m e n t s  w i t h  m a g n e t o  h y d r o d y n a m i c s ,  b u t  r e s e a r c h  on  t h e  

MPD a r c j e t  w a s  n o t  s t a r t e d  u n t i l  1970. I n  c o n t r a s t  t o  t h e  

d i r e c t - f l o w  r e s e a r c h  and development  which had been  per formed up 

u n t i l  t h a t  t i m e ,  t h e  t e s t i n g  p e r f o r m e d  a t  P r i n c e t o n  U n i v e r s i t y  

was p e r f o r m e d  u s i n g  a q u a s i - s t e a d y  p u l s e  1 )  w i t h  p e a k  maximum 

c u r r e n t  and low back  p r e s s u r e ,  even i n  t h e  smaller  s ca l e  t e s t i n g ,  

a n d  2 )  u t i l i z i n g  t h e  a d v a n t a g e  t h a t  p r o b e  m e a s u r e m e n t  was e a s y  

e v e n  i n  h i g h  t e m p e r a t u r e  p l a s m a s .  We ( i n  J a p a n )  a l s o  u t i l i z e d  

t h i s  s y s t e m  and s i m u l t a n e o u s l y  began r e s e a r c h i n g  t h e  KOMABA I ,  a 

more u n i v e r s a l  and s i m p l e ,  c o a x i a l  e l e c t r o d e  MPD a r c j e t ,  as shown 

i n  F i g u r e  4. O f  c o u r s e ,  t h e  g o a l  o f  t h i s  was t o  r e s o l v e  t h e  

c r i t i c a l  v e l o c i t y  phenomenon.  

A s  t h i s  r e s e a r c h  a d v a n c e d ,  

s e v e r a l  p o i n t s  of  ag reemen t  and 

d i s a g r e e m e n t  w i t h  M a l l i a r  i s '  

r e p o r t  w e r e  d i s c o v e r e d  t h a t ;  

r ANODE 

INSULATOR 

Fig. 4 D i s c h a r g e r  c o n f i g u r a t i o n  i n  
i . e .  t h a t  i f  t h e  d i s c h a r g e  f l o w  KOMABA I MPD a r c j e t  

was i n c r e a s e d ,  w h i l e  k e e p i n g  t h e  p r o p e l l a n t  f l o w  c o n s t a n t ,  t h e  

d i s c h a r g e  became u n s t a b l e  and e l e c t r o d e  l o s s  became s e v e r e  a t  a 
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c e r t a i n  c r i t i c a l  p o i n t ;  h o w e v e r ,  t h a t  t h e  v e l o c i t y  a t  t h i s  

c r i t i c a l  p o i n t  was much g r e a t e r  t h a n  vcr' Moreover ,  i t  became 

c l e a r  t h a t  t h i s  c r i t i c a l  p o i n t  c o u l d  b e  r a i s e d  o r  l o w e r e d  by  t h e  

c o n d i t i o n s  and method of o p e r a t i o n ,  i n c r e a s i n g  o u r  a m b i t i o n s  f o r  

improv ing  per formance .  With t h e  s ta r t  o f  t h e  s p a c e  s h u t t l e  and 

SEPAC programs i n  1976, t h e  MPD a r c j e t  began t o  be  used i n  s p a c e  

p l a sma  t e s t i n g ,  showing t h a t  i t  was y e t  i n c o m p l e t e  as a t h r u s t e r ,  

b u t  p r o v i d i n g  t h e  o p p o r t u n i t y  t o  w r a p  u p  t e s t i n g  as  a s y s t e m ,  

which gave  a grea t  push t o  i ts  r e s e a r c h  and development .  

There  was one more g r e a t  o c c u r r e n c e  i n  1976 i n  t h e  f i e l d  o f  

e l e c t r i c  p r o p u l s i o n .  The r e p r e s e n t a t i v e  f r o m  R u s s i a  t o  t h e  

I n t e r n a t i o n a l  Symposium on E l e c t r i c  P r o p u l s i o n ,  h e l d  i n  F l o r i d a ,  

announced p u b l i c l y ,  f o r  t h e  f i r s t  t i m e ,  R u s s i a ' s  s p a c e  tests and 

a c t u a l  r e s u l t s  o f  t e s t  a p p l i c a t i o n s  i n  t h i s  f i e l d  [ l o ] .  

A c c o r d i n g  t o  t h i s  a n n o u n c e m e n t ,  t h e  S o v i e t  Un ion  had  b e e n  

p e r f o r m i n g  t e s t s  i n  s p a c e  u s i n g  s a t e l l i t e s  s i n c e  1 9 6 4 ,  and 

m o r e o v e r ,  t h a t  t h e s e  t e s t s  had  b e g u n  w i t h  p l a s m a  e n g i n e s  u s i n g  

MPD as t h e  p r i m a r y  power s o u r c e ,  r a t h e r  t h a n  i o n  eng ines .  Adding 

a l s o  t h e  d a t a  r e l e a s e d  a t  t h e  1978 symposium, t h e  S o v i e t  Union 's  

a p p l i c a t i o n s  a r e  as shown i n  F i g u r e  5. T h i s  r e p o r t  was a g r e a t  

s h o c k  t o  r e s e a r c h e r s  f r o m  a l l  o f  t h e  w e s t e r n  c o u n t r i e s ,  and  t h e  

R u s s i a n  r e p r e s e n t a t i v e  w a s  ba r r aged  w i t h  q u e s t i o n s ,  s u c h  as "Why 

was MPD c h o s e n ? "  o r  "What i s  y o u r  f u t u r e  l a u n c h  s c h e d u l e ? " .  H e  

a n s w e r e d ,  "We w i l l  b e  u t i l i z i n g  M P D  t o  a g r e a t  e x t e n t  i n  h i g h -  

p o w e r e d  e l e c t r i c  a p p l i c a t i o n s  o r  i n  c o m b i n a t i o n  w i t h  n u c l e a r -  

power f o r  f u t u r e  s p a c e c r a f t " .  There are a few u n c l e a r  p l a c e s  i n  

t h e  d a t a  a n d  f i g u r e s  s h o w n  by  t h e  S o v i e t  U n i o n  a n d  i t  i s  
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Fig. 5 ,Space t e s t s  and appl icat ions of e l e c t r i c  propulsion i n  various countr ies  

d i f f i c u l t  t o  j udge  a c t u a l l y  how a c c u r a t e  t h e y  are. However, f rom 

t h e  f a c t  t h a t  t h e y  h a v e  r e p o r t e d  s p r a y i n g  l i q u i d  m e t a l s  o n  t h e  

e l e c t r o d e  sur faces ,  t h e r e  are t h o s e  who b e l i e v e  t h a t  t h e  S o v i e t  

Union h a s  advanced f u r t h e r  t h a n  t h e  West f rom t h e  c i r c u m s t a n c e s  

which i n d i c a t e  t h a t  methods o f  h a v i n g  c i r c u m v e n t e d  t h e  c r i t i c a l  

phenomenon. 

3. Efforts Toward Improved Performance 

A t  t h i s  p o i n t ,  I t h i n k  t h a t  I w o u l d  l i k e  t o  d e l v e  down a 

l i t t l e  a n d  e x p l a i n  a few o f  t h e  o b s t a c l e s  w h i c h  I h a v e  

e n c o u n t e r e d  d u r i n g  t h e  d e v e l o p m e n t  o f  t h e  MPD a r c j e t .  F i r s t ,  I 

w i l l  s t a r t  b y  i n t r o d u c i n g  t h e  t h e o r y  o f  a c c e l e r a t i o n  as b a s i c  

k n o w l e d g e .  A s  shown i n  F i g u r e  6 ,  a l a r g e  e l e c t r i c a l  c u r r e n t  

f l o w s  f rom a r ing-shaped  ca thode  t o  a c o a x i a l ,  rod-shaped anode. 

T h i s  l a r g e  c u r r e n t  i n d u c e s  a c i r c u m f e r a l  m a g n e t i c  f i e l d ,  w h i c h  
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s e l f - i n d u c e d  m a g n e t i c  f i e l d  

i n t e r f e r e s  w i t h  t h e  o r i g i n a l ,  

l a r g e ,  o r t h o g o n a l  c u r r e n t ,  

p a s s i n g  e l e c t r o m a g n e t i c  e n e r g y  

( L o r e n t z  e n e r g y )  t o  t h e  p l a s m a .  

T h i s  e n e r g y  is f i r s t  t r a n s f e r r e d  

t o  t h e  e l e c t r o n s  a n d  t h e  Fig. 6 Thrust generation In  WD a r c j e t  

a c c o m p a n y i n g  i o n s  c a r r i e d  i n  t h e  e l e c t r i c a l  c u r r e n t .  The 

c o m p o n e n t s  o f  t h i s  e n e r g y  a r e  d i v i d e d  i n t o  f o r c e  i n  t h e  a x i a l  

d i r e c t i o n ,  i . e .  b l o w i n g  f o r c e ,  and pumping  f o r c e ,  w h i c h  t r a v e l s  

a l o n g  t h e  c e n t r a l  a x i s .  The fo rmer  i s  c o n v e r t e d  d i r e c t l y  i n t o  

t h r u s t ,  w h i l e  t h e  l a t t e r  is f i r s t  c o n v e r t e d  i n t o  p r e s s u r e  which 

p u s h e s  a g a i n s t  t h e  t i p  s u r f a c e  o f  t h e  c a t h o d e  and  t h e n  b e c o m e s  

t h r u s t .  When t h e  d i s c h a r g e  c u r r e n t  i s  J a n d  t h e  m a g n e t i c  

p e r m e a b i l i t y  i s p ,  t h e  sum o f  t h e s e  i s  g i v e n  by  
r -- 

F =pJ'b/41: 
b=ln (t./r,)+a 

:3;  

( 4 :  

[ 1 1  3. P r o v i d e d ,  t h a t  t h e  c u r r e n t  d i s t r i b u t i o n  o n  t h e  e l e c t r o d e  

s u r f a c e  is  assumed t o  b e  uniform.  Ta and TC are the  anode radius 

and c a t h o d e  r a d i u s ,  r e s p e c t i v e l y ,  and a--3/4 e x p r e s s e s  t h e  e f f e c t  

o f  t h e  c a t h o d e  t i p .  A s  o n e  can s e e  f r o m  f o r m u l a  ( 3 ) ,  t h r u s t  i s  

p r o p o r t i o n a l  t o  52, and is  de te rmined  o n l y  by t h e  v a l u e  f o r  J i n  

a t h r u s t e r  o f  d e t e r m i n a t e  shape.  

I n  t h e  f o l l o w i n g ,  I w i l l  f o c u s  my d i s c u s s i o n  on t h e  r e s u l t s  

o b t a i n e d  a t  t h e  S p a c e  S c i e n c e s  R e s e a r c h  Lab. Most  o f  t h e  

d i s c h a r g e  t e s t i n g  was p e r f o r m e d  u s i n g  t h e  q u a s i - s t e a d y  s y s t e m  

e x p l a i n e d  i n  t h e  p r e v i o u s  s e c t i o n .  Q u a s i - s t e a d y  means t h a t  t h e  

-~ 
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o p e r a t i n g  t i m e  i s  l o n g  e n o u g h  as t o  seem s t e a d y  c o m p a r e d  t o  t h e  

f l o w  c h a r a c t e r i s t i c  t i m e  o f  2 t o  l o p s .  The p o w e r  s o u r c e  u s e d  

was a p u l s e  s h a p i n g  c i r c u i t  w h i c h  was a b l e  t o  s u p p l y  a maximum o f  

10 kA a n d  t h e  p u l s e  w i d t h  was 1 m s .  The p r o p e l l a n t  a l s o  had  t o  

b e  i n j e c t e d  i n  q u a s i - s t e a d y  p u l s e s  i n  o r d e r  t o  m a t c h  t h e  t h i s  

c u r r e n t  p u l s e .  I n  o r d e r  t o  a c c o m m o d a t e  t h i s ,  a h i g h - s p e e d  

e l e c t r o m a g n e t i c  v a l v e  ( f a s t  a c t i n g  v a l v e ,  FAV) and a high-speed 

i o n i z a t i o n  vacuum gauge (fast i o n i z a t i o n  gauge, FIG), t o  p r o p e r l y  

m e a s u r e  t h e  gas p u l s e ,  w e r e  d e v e l o p e d  [ 1 2 - 1 4 1 .  E x a m p l e  

m e a s u r e m e n t s  o f  t h e  g a s  p u l s e  a r e  shown  i n  F i g u r e  7 ,  b u t  i t  i s  

e x t r e m e l y  i m p o r t a n t  t h a t  t h e  gas Pncompiession 

3.5mm 

and c u r r e n t  p u l s e s  b e  a c c u r a t e l y  

s y n c h r o n i z e d .  The m a j o r i t y  o f  

t h e  t e s t s  were p e r f o r m e d  i n  a 

1 .5  m Q  x 2 . 8  m v a c u u m  t u b e ,  

1 2 Tm.m f o  
Smm 0 16 

a I 3 
Ti.rn1 

whose chamber p r e s s u r e  was 10-5 Fig- 7 Waveforms o f  gas pulses supplied 
from high-speed electromagnetic 
v a l v e  (FAV), measured w h l  l e  
changing FAV spring pressure Tor r  p r i o r  t o  o p e r a t i o n  and 

i m m e d i a t e l y  a f t e r  o p e r a t i o n .  T h r u s t  was d e t e r m i n e d  by s u s p e n d i n g  

t h e  d i s c h a r g e r  and FAV i n  a pendulum-l ike c o n f i g u r a t i o n  and t h e n  

d e r i v i n g  t h e  maximum s h i f t  i n  t h i s  s y s t e m  a f t e r  p u l s e  o p e r a t i o n .  

B e s i d e s  t h i s ,  t h r u s t  p r o f i l e s  w e r e  a l s o  t a k e n  u s i n g  a n  

ac c e l  e r a t  i on gauge. 

The t h r u s t - c u r r e n t  and v o l t a g e - c u r r e n t  r e l a t i o n s h i p s  f o r  t h e  

K I s h o w n  i n  F i g u r e  4 a r e  shown i n  F i g u r e  8 [ 1 5 ] .  I t  c a n  b e  s e e n  

t h a t  as  t h e  c u r r e n t  i s  g r a d u a l l y  i n c r e a s e d ,  b o t h  o f  t h e  c u r v e s  

a r e  i n  a n e a r l y  1 : l  p r o p o r t i o n  t o  t h e  c u r r e n t  J a s  l o n g  as  t h e  

c u r r e n t  i s  smal l .  When t h e  c u r r e n t  i s  sma l l ,  t h e  m a j o r i t y  o f  t h e  
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e l e c t r i c a l  power is  consumed i n  

j o u l e  h e a t ,  s o  t h a t  t h e  power  P 

i s  p r o p o r t i o n a l  t o  5 2 ,  * i 5 ;  

Z L  

t -  C o n s e q u e n t l y ,  b o t h  t h e  v o l t a g e  

V = P / J  and t h e  aerodynamic t h r u s t  

O C P ~  / 2  become p r o p o r t i o n a l  t o  J. 
.5 T h e n ,  as t h e  c u r r e n t  c o n t i n u e s  

t o  i n c r e a s e ,  t h e  d e p e n d e n c y  o f  
1 

.2 

;E//: - 

1 -  - ,J: 100 $ 

- - 

- 200 TMRUST 
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Fig. 8 Thrust and discharge character- 
i s t i c s  of K I MPD a r c  jet using 
argon operat ing gas 

l i m i t  o f  r e g i o n  2 i n  F i g u r e  8 

toward  J 2  and t h e  dependency o f  t h e  v o l t a g e  s h i f t s  f rom i t s  l o w e r  

l i m i t  i n  s e c t i o n  3 t o w a r d  J3- T h i s  f a c t  i s  a m a n i f e s t a t i o n  o f  

t h e  e l e c t r o m a g n e t i c  e f f e c t ,  a n d  t h e  f a c t  t h a t  t h e  t h r u s t o e J 2 ,  

w i t h  r e s p e c t  t o t h e  v o l t a g e , c a n b e u n d e r s t o o d  f r o m t h e  f a c t  t h a t  

V, = Fz/2m J a  J 3  ( 5 )  

i s  t h e  v o l t a g e  w h i c h  i s  c o m m e n s u r a t e  t o  t h e  e l e c t r o m a g n e t i c  

a c c e l e r a t i o n .  P r o v i d e d ,  t h a t  s i m u l t a n e o u s  e l e c t r o m a g n e t i c  

t e n d e n c i e s  a r e  n o t  s e e n  i n  b o t h  t h e  t h r u s t  and v o l t a g e ,  t h e  f a c t  

t h a t  53 t r a n s i t i o n  i n  v o l t a g e  i s  d e l a y e d  can  be  a t t r i b u t e d  t o  t h e  

f a c t  t h a t  e l e c t r o m a g n e t i c  a c c e l e r a t i o n  i s  p r e v a l e n t  d u r i n g  t h e  

t ime  t h a t  t h e  t e m p e r a t u r e  i s  i n c r e a s i n g  s l o w l y  and aerodynamic  

a c c e l e r a t i o n  is  p l a t e a u e d  i n  c o n t r a s t  t o  t h e  a c t i v e  p r o g r e s s i o n  

o f  i o n i z a t i o n  and j o u l e  ene rgy  b e i n g  i n t r o d u c e d  d u r i n g  r e g i o n  2. 

If t h e  l o w e r  l i m i t  o f  r e g i o n  3 i s  c o n s i d e r e d  t o  b e  t h e  p o i n t  a t  

which t h e  power r e q u i r e d  f o r  i o n i z a t i o n  and h e a t i n g  becomes e q u a l  

t o  t h e  power r e q u i r e d  f o r  e l e c t r o m a g n e t i c  a c c e l e r a t i o n ,  i t  c a n  be  

u n d e r s t o o d  t h a t  t h i s  matches  t h e  c o n d i t i o n s  i n  f o r m u l a e  ( 1 )  and 



( 2 )  w h i c h  i n d u c e  t h e  A l f v e n  c r i t i c a l  v e l o c i t y  V c r *  However ,  i t  

w a s  p r o v e n  i n  t h e  t e s t i n g  t h a t ,  r a t h e r  t h a n  t h e  f l o w  b e c o m i n g  

u n s t a b l e  i m m e d i a t e l y  upon e n t e r i n g  r e g i o n  3 ,  a c o n s t a n t  f l o w  mass /94 
would  o n l y  become  u n s t a b l e  a t  

l a r g e r  c u r r e n t s .  C o n s e q u e n t l y ,  

t h e  f e a r  t h a t  vcr was a n  u p p e r  

v e l o c i t y  l i m i t  d i s a p p e a r e d .  I n  

1976, i n  an  e x p e r i m e n t  performed 

i n  t h e  large-scale s p a c e  chamber 

( 2 0  m $  x 37 m )  a t  NASA's J o h n s o n  

Space C e n t e r  t o  d e m o n s t r a t e  t h e  

SEPAC t e s t  e q u i p m e n t ,  m o r e  

1 2 4 6 6 10 
mHT L A  

Flg. 9 P I asma v e  l o c  I t y  measurement  
r e s u l t s  I n  NASA, JSC Iarge-scale 
space chamber using A r  gas 

d i r e c t  p roo f  was r e a l i z e d .  S ince  t h e  MPD and chamber walls were  

s u f f i c i e n t l y  s e p a r a t e d ,  v e l o c i t y  m e a s u r e m e n t  was a b l e  t o  b e  

accompl i shed  by t h e  f l i g h t  t i m e  method w i t h o u t  b e i n g  i n f l u e n c e d  

by  p a r t i c u l a t e  r e f l e c t i o n  f r o m  t h e  wa l l s  d u r i n g  t h e  o p e r a t i n g  

t i m e  [ 1 6 ] .  A s  c a n  b e  s e e n  i n  F i g u r e  9, t h e  v e l o c i t y  o b t a i n e d  

t h e r e i n  ach ieved  ove r  t h r e e  t i m e s  vcr' 

B e c a u s e  t h e  i n s t a b i l i t y  w h i c h  i s  s u p p o s e d  t o  o c c u r  

i m m e d i a t e l y  upon  r e a c h i n g  V c r g  

a c c o r d i n g  t o  a n a l y s i s  b a s e d  on 

A l f v e n ' s  h y p o t h e s i s ,  d i d  n o t  

o c c u r ,  t h i s  t h e o r y  t u r n e d  ou t  t o  

b e  s t i l l  n o  m o r e  t h a n  a n  

ANODE 

~ / 

SXEAT9 
EDGE 

u n s t a b l e  p r o p o s i t i o n ;  bu t  what Flg. 10 O s c l l l a t l o n  threshold of  sheath 
near cathode 

I 

o t h e r  c a u s e s  c o u l d  t h e r e  b e ?  

One i s  a f a c t  t h a t  was d i s c o v e r e d  a b o u t  vacuum a r c s ,  w h i c h  i s  t h e  

14 , 



p o w e r  l o s s  a n d  s p o t  g e n e r a t i o n  i n  t h e  a n o d e  [ 17 ] .  A s  shown  i n  

F i g u r e  10, t h e  d i s c h a r g e  c u r r e n t  i s  i n c r e a s e d  by s t a b i l i z i n g  t h e  

p l a s m a  d e n s i t y  a t  t h e  edge o f  t h e  a n o d e  s h e a t h  ( e l e c t r o s t a t i c  

boundary  l a y e r ) .  S i n c e  t h e  c u r r e n t  c a r r y i n g  p a r t i c l e s  ( p r i m a r i l y  

e l e c t r o n s )  a re  r e l a t i v e l y  r e d u c e d  when t h i s  i s  d o n e ,  t h e  s h e a t h  

( a ) ,  w h i c h  u n t i l  now had  had  a s l i g h t l y  n e g a t i v e  o r  homogeneous  

p o t e n t i a l  ( r e l a t i v e  t o  t h e  s h e a t h  edge p o t e n t i a l )  which r e p e l l e d  

t h e  h i g h  e n e r g y  e l e c t r o n s ,  c h a n g e s ,  c o n v e r s e l y ,  t o  a p o s i t i v e  

p o t e n t i a l ,  t h e r e b y  t a k i n g  on  l a r g e r  q u a n t i t i e s  o f  e l e c t r o n s .  

When t h i s  h a p p e n s ,  e l e c t r o n  

c o l l i s i o n s  b e c o m e  more  s e v e r e ,  

e v e n t u a l l y  f o r m i n g  a n o d e  s p o t s  

a n d  i n i t i a l i z i n g  e l e c t r o d e  

f u s i o n  l o s s .  T h i s  k i n d  o f  

c i r c u m s t a n c e  must b e  avo ided  n o t  

o n l y  b e c a u s e  o f  t h e  l a r g e  W T I N G  ELECTRODE - 
Fig. 11 D i s c h a r g e r  c o n f i g u r a t i o n  i n  K 

I l l  MPD arc jet .  AlI,AlO,bCI each 
represent propel l a n t  sprays from a m o u n t s  o f  power  l o s s  i n  t h e  
i n s i d e  and o u t s i d e  o f  ca thode  

a n o d e ,  b u t  a l s o  b e c a u s e  i t  a l s o  and from anode 

s h o r t e n s  t h e  l i f e  o f  t h e  e l e c t r o d e s  due t o  f u s i o n  l o s s .  The K 

I11 model ,  shown i n  F i g u r e  1 1 ,  was d e v i s e d  as a means o f  d e a l i n g  

w i t h  t h i s  p r o b l e m  [18 ] .  A gap was i n c o r p o r a t e d  a r o u n d  t h e  

c i r c u m f e r e n c e s  o f  t h e  b a s e s  of  t h e  a n o d e  and  c a t h o d e ,  e n a b l i n g  

t h e  f l o w  mass r a t i o s  a t  t h e i r  o u t e r  edges t o  b e  c o n t r o l l e d .  A s  a 

r e s u l t ,  t h e  p r o p u l s i o n  e f f i c i e n c y  r e a c h e s  i t s  maximum when t h e  

m a j o r i t y  o f  t h e  p r o p e l l a n t  ( a r g o n )  i s  s p r a y e d  o n t o  t h e  a n o d e  

s u r f a c e ,  as shown  i n  F i g u r e  1 2 .  I n  o t h e r  w o r d s ,  p r o p e l l a n t  ( o r  

p l a s m a )  d e f i c i e n c i e s  o n  t h e  a n o d e  s u r f a c e  b e c a m e  m o r e  

15  



ORlGlMAL PA6E IS 
OF POOR QUALITY 

c o n t r o l l a b l e .  

The  n e x t  p r o b l e m  was a t  

w h i c h  p o s i t i o n  a l o n g  t h e  f l o w  

was i t  e a s i e s t  f o r  p r o p e l l a n t  

d e f i c i e n c i e s  t o  occur .  Magneto- 

h y d r o d y n a m i c  a n a l y s i s  was 

e x t r e m e l y  h e l p f u l  i n  t h i s  [19] .  

The  H a l l  e f f e c t  a n d  t h e  

i o n i z a t i o n  p r o c e s s  were o m i t t e d  

b y  c o n s i d e r i n g  o n l y  

e l e c t r o m a g n e t i c  a c c e l e r a t i o n  w i t h  

q u a s i - l i n e a r  m o d e l  ( s e e  F i g u r e  

1 3 ) .  By m a k i n g  t h e  b a s i c  

e q u a t i o n  d i m e n s i o n l e s s ,  w i t h  L 

e x p r e s s i n g  t h e  l e n g t h  o f  t h e  

t h r u s t e r  and BO t h e  magnet ic  

a 

d I 1 1 

0 IW.  CI 
A l l ,  IW 70 50 50 

so 50 70 
PROPELLANT FRACTION, % 

Fig. 12 Propellant characterlstics whi le 
changing propel I ant injection 
distribution, using Ar gas 

r e s p e c t  t o  an e x t r e m e l y  s i m p l e  

Fig. 13 Acceleration model using linear 
MHD channel flow 

f i e l d  i n t e n s i t y  a t  t h e  edge o f  t h e  f l o w ,  t h e  m o t i o n  e q u a t i o n  

becomes 

w i t h  r e s p e c t  t o  t h e  d i m e n s i o n l e s s  v e l o c i t y ,  and  t h e  i n d u c t i o n  

e q u a t i o n  i s  g i v e n  as 

w i t h  r e s p e c t  t o  t h e  d i m e n s i o n l e s s  m a g n e t i c  f i e l d  i n t e n s i t y  b. 

Prov ided  t h a t  6 is  t h e  d i m e n s i o n l e s s  c o o r d i n a t e  x=[L, 

R,=uBo'LAI~~~, qi=,zVmlBo'dZ ( 8 .  

-- 195 

e a c h  e x p r e s s  t h e  magne t i c  Reynolds number and t h e  d i m e n s i o n l e s s  

16 



p o t e n t i a l ,  r e s p e c t i v e l y ,  i n  which is  t h e  a v e r a g e  e l e c t r o n  gap. 

A l s o ,  m i s  t h e  f l o w  mass p e r  u n i t  w i d t h  i n  t h e  c h a n n e l  ( s e e  

F i g u r e  13 ) .  If o n e  c o n s i d e r s  t h a t  R m  i n c l u d e s  t h e  veloci ty  

B&X/pm, and t h a t  

Bo=pJ ( 9 ;  

i s  t r u e ,  i t  can  be  s e e n  t h a t  t h e  c r i t i c a l  p a r a m e t e r  J2/m i s  a l s o  

i n c l u d e d .  Boundary c o n d i t i o n s  a r e  
t=o: b = l ,  u=o 

t = l :  b=O 

I t  a p p e a r s  t h a t  3 c o n d i t i o n s  a r e  g i v e n  f o r  a 2nd degree e q u a t i o n ,  

b u t  t h e  e q u a t i o n  c a n  b e  s o l v e d  c o r r e c t l y  b e c a u s e  d ,  i n  o t h e r  

w o r d s ,  t h e  v o l t a g e  V ,  i s  n o t  y e t  d e t e r m i n e d .  I n  t h e  ca se  o f  a 

c o n s t a n t  e l e c t r o d e  g a p ,  f o r m u l a e  ( 6 )  and  ( 7 )  a r e  c o m b i n e d  and  

i n t e g r a t e d ,  becoming 
V=l -b '  

which ,  when s u b s t i t u t e d  i n t o  fo rmula  ( 7 ) ,  y i e l d s  

- - [$--( l -b*)b/Z]  

r F ( b ;  $3) (12' 

The c o e f f i c i e n t  F is  shown i n  F i g u r e  14  as t h e  s o l i d  l i n e  w i t h i n  

t h e  d o m a i n  f o r  b w h i c h  i s  

d e f i n e d  as O<b<l. - -  When d i s  

r e d u c e d ,  s h i f t i n g  t h e  c u r v e  

upward t o  t o u c h  t h e  b a x i s ,  t h e  
-b 

i n t e g r a t i o n  o f  f o r m u l a  ( 1  2 )  Fig. 14 Threshold of coefficient F(b,d) 

s t a r t s  f r o m  t h e  p o i n t  A on t h e  p h a s e  p l a n e  o f  F i g u r e  1 4 ,  and  

s t o p s  s o  t h a t  F=O a t  p o i n t  B. T h i s  s i t u a t i o n  is r e l a t e d  t o  t h e  

p e c u l i a r  i t y  when R,,, > The 6 d i s t r i b u t i o n  o f  b when R, i s  

s u f f i c i e n t l y  l a r g e  i s  shown i n  F i g u r e  15 and compared t o  when Rm 

is If R, i s  small, t h e  magne t i c  f i e l d  is  d i f f u s e d  i n  t h e  

17 



i n t e r i o r  o f  t h e  a c c e l e r a t o r  and 

d i s t r i b u t e d  o v e r  a n e a r l y  

s t r a i g h t  l i n e ,  b u t  i f  R m  i s  

e x t r e m e l y  l a r g e ,  b = l  / S 1  12 ,  i n  

o t h e r  w o r d s ,  db/de"o a t  p o i n t  B 

i n  F I g u r e  14.  A s  R, becomes  

L o A  oip b 

*-2.2/Rm 

0- C 

$ Lo 0 0.5 

Fig. 15 Dependence o f  magnetic Reynolds 
l a r g e r ,  a s i t u a t i o n  i s  s e e n  i n  number R m  on m a g n e t i c  f i e l d  

d i s t r i b u t i o n  i n  flow d i r e c t i o n  

which t h e  m a g n e t i c  f i e l d  s h a v e s  o f f  i n  t h e  v i c i n i t y  o f  t h e  i n t a k e  

p o r t s  and i s  c a r r i e d  downstream t o  accumula t ed  n e a r  t h e  exhaus t .  

The p o i n t s  A ,  B,  and C i n  F i g u r e  15 c o r r e s p o n d  t o  t h e  same p o i n t s  

i n  F i g u r e  14. S i n c e  db/d i  r e p r e s e n t s  t h e  e l e c t r i c a l  c u r r e n t ,  

c u r r e n t  d o e s  n o t  f l o w  n e a r  t h e  c e n t e r  o f  t h e  t h r u s t e r  f o r  t h e  

m o s t  p a r t ,  b u t  c o n c e n t r a t e s  n e a r  t h e  i n t a k e  and  e x h a u s t  p o r t s ,  

f l o w i n g  within the O(R, T h i s  i s  f o r t u n a t e  f o r  

t h e  t h r u s t e r  b e c a u s e  t h e  above-mentioned p r o p e l l a n t  d e f i c i e n c i e s  

-1 
) boundary l a y e r .  

and  s p o t  f o r m a t i o n s  t h u s  o c c u r  o n l y  l o c a l l y .  P a r t i c u l a r l y ,  i n  

t h e  v i c i n i t y  o f  t h e  e x h a u s t  p o r t  where  t h i s  i s  n o r m a l l y  e x c e s s i v e  

d u e  t o  t h e  t h e  d r o p  i n  p l a s m a  d e n s i t y  w h i c h  o c c u r s  a s  

a c c e l e r a t i o n  p r o g r e s s e s .  F u r t h e r m o r e ,  when t h e  H a l l  e f f e c t  i s  

added ,  c u r r e n t  f l o w s  i n  t h e  a x i a l  d i r e c t i o n ,  c a u s i n g  t h e  p l a s m a  

f l o w  t o  become s e p a r a t e d  from t h e  anode sur face  and w o r s e n i n g  t h e  

s i t u a t i o n  [20] .  T h e r e f o r e ,  t h e  e l e c t r o d e s  were  formed i n t o  t h e  

s h a p e  o f  a n o z z l e  as a m e t h o d  o f h o m o g e n i z i n g t h e  c u r r e n t  [ 2 1 ]  o r  

as a means  of  d i s t r i b u t i n g  t h e  p r o p e l l a n t  d i s t r i b u t i o n  w e l l ,  

p r e v e n t i n g  p r o p e l l a n t  d e f i c i e n c i e s  [22] .  

The r e s u l t  o f  t h e s e  e f f o r t s  t o  d a t e  h a s  b e e n  t o  o b t a i n  57% 

e f f i c i e n c y  a t  6,000 seconds  impu l se  and a t h r u s t / p o w e r  r a t i o  o f  

18 



35 mN/kW a t  1,000 t o  2,000 s e c o n d s  s p e c i f i c  i m p u l s e  [22-231. 

The k e y s  t o  t h r u s t e r  d e s i g n  a r e  1 )  t o  pe r fo rm i n j e c t i o n  s o  as n o t  

t o  c a u s e  p r o p e l l a n t  d e f i c i e n c i e s  o n  t h e  c a t h o d e ,  2) t o  p r e v e n t  

t h e  d e s t r u c t i o n  o f  t h e  e l e c t r o m a g n e t i c  p l a s m a  h o l d  o n  t h e  

o p e r a t i n g  w a l l ,  a n d  3) t o  s e l e c t  a n  e l e c t r o d e  c o n f i g u r a t i o n  o n  

which c u r r e n t  c o n c e n t r a t i o n s  have d i f f i c u l t y  fo rming .  

4. System Concept 

I n  l o o k i n g  b a c k  o v e r  t h e  d i s c u s s i o n  u p  u n t i l  now a n d  

e n u m e r a t i n g  t h e  u n i q u e  c h a r a c t e r i s t i c s  o f  t h e  r e v i s e d  MPD 

t h r u s t e r  sys t em,  t h i s  l i s t  w o u l d  i n c l u d e  

1 )  a l a r g e  t h r u s t  d e n s i t y ,  w h i c h  i s  e a s i l y  c o r r e l a t e d  t o  

h i g h  e n e r g y ,  

2) s i m p l e  c o n s t r u c t i o n ,  o p e r a t i o n ,  and a p p l i c a t i o n ,  

3) 
4) l o w  o p e r a t i n g  v o l t a g e  ( c h a r g e  : 300V, d i s c h a r g e  : 

a b s o l u t e l y  no w a r m  up  is  needed ,  

15OV), 

5 )  l i t t l e  c o n t a m i n a t i o n  o f  s p a c e  s h i p ,  s p a c e  s t a t i o n s  i f  

N2H4, "3, o r  H2 is used, 

6 )  a b u n d a n c e  o f  t y p e s  o f  p r o p e l l a n t s  w h i c h  c a n  b e  u s e d :  

e.g. N2H4, "3, H2, H20, CH4, C029 rare gases, e t c = ,  and 

7 )  t h e  s p e c i f i c  i m p u l s e  can c o v e r  a w i d e  range .  

The f a c t  t h a t  t h e  o p e r a t i n g  v o l t a g e  i s  low a l s o  makes i t  p o s s i b l e  

t o  d i r e c t l y  d r i v e  t h e  t h r u s t e r  w i t h  a s o l a r  c e l l  a r r a y ,  

s i m p l i f y i n g  t h e  power r e c t i f i e r .  If t h e  p r o p e l l a n t  has  N o r  H as 

i t s  p r i m a r y  m o l e c u l e ,  t h e  e f f e c t s  o f  s p u t t e r i n g  a r e  m i n i m a l ,  and 

b e c a u s e  t h e y  a r e  e l e m e n t s  which were o r i g i n a l l y  e x i s t e n t  i n  t h e  

19  



s u r r o u n d i n g  env i ronmen t ,  I b e l i e v e  t h a t  t h e r e  i s  l i t t l e  worry  o f  

p o l l u t i o n  i n  t h e  f u t u r e  even i f  l a rge  q u a n t i t i e s  a re  used.  A l s o ,  

since N~~~ a r e  a l r e a d y  i n  wide  u s e  i n  c o n v e n t i o n a l  s a t e l l i t e  

s y s t e m s ,  when c o m b i n e d  w i t h  M P D ,  i f  a compound t h r u s t  s y s t e m  

w h i c h  i s  c a p a b l e  o f  p r o d u c i n g  240 a n d  2000 s e c o n d s  s p e c i f i c  

i m p u l s e  i s  used  t o g e t h e r  w i t h  o n l y  o n e  p r o p e l l a n t  t a n k ,  t h e  

b r e a d t h  of  a p p l i c a t i o n s  c a n  b e  e x p a n d e d  f u r t h e r .  If u s e d  i n  

f u t u r e  space  s t a t i o n s ,  H Z  c a n  b e  e a s i l y  o b t a i n e d  f r o m  t h e  l i f e  

s u p p o r t  s y s t e m ,  and  if w a s t e  gas  ( ~ 0 2 )  i s  u s e d ,  we c a n  k i l l  t w o  

b i r d s  w i t h  o n e  s t o n e .  T h u s ,  t h e  s e l e c t i o n  o f  s p e c i f i c  t h r u s t s ,  

p r o p e l l a n t s ,  and  power  s u p p l i e s  w h i c h  a r e  a p p r o p r i a t e  f o r  t h e  

p a r t i c u l a r  m i s s i o n  o r  an  e n t i r e  s y s t e m  is  e x t r e m e l y  i m p o r t a n t  t o  

t h e  d e s i g n  of  MPD sys t ems .  

Bcapara 
FAV: FAST ACTING VALVE, VAP: VAPORIZER, 
CHG: CHARGER, 
U\P/PFN: C*PACITOR/PULSE FORKING NETWORK 

fw : k k r N  VALVE 

IU: INTERFACE UNIT 

Fig. 16 WD thruster system struture 

The s t r u c t u r e  o f  a quas i - s t eady  MPD t h r u s t e r  s y s t e m  i s  shown 

i n  F i g u r e  16 .  The power  i s  s u p p l i e d  f r o m  a s o l a r  c e l l  a r r a y .  

T h i s  o u t p u t  i s  i n p u t  t o  a c h a r g e r  ( C H G )  a t  a c o n v e n t i o n a l l y  

e s t a b l i s h e d  b u s s  v o l t a g e ,  where i t  i s  D C / D C  c o n v e r t e d  and c h a r g e s  

a c a p a c i t o r  b a n k  (CAP/PFN) i n  a c o n s t a n t - c u r r e n t  s y s t e m .  

However, a cons t an t -power  c h a r g i n g  s y s t e m  i s  b e i n g  s t u d i e d  s i n c e  
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t h e  u t i l i z a t i o n  e f f i c i e n c y  o f  t h e  a r r a y  o u t p u t  i s  a l o w  50% i n  

t h i s  m e t h o d  [ 2 4 ] .  I n  t h i s  s y s t e m ,  t h e  s o l a r  c e l l s  a r e  d i v i d e d  

i n t o  s e v e r a l  b l o c k s ,  a s  shown  i n  F i g u r e  17 ,  w h i c h  b l o c k s  a r e  

c o n n e c t e d  i n  p a r a l l e l  a s  a h i g h  

c u r r e n t ,  l o w  v o l t a g e  p o w e r  

s u p p l y ,  l i k e  A ,  d u r i n g  t h e  f i r s t  

s t a g e  o f  c h a r g i n g ,  a f t e r w h i c h ,  

s e r i e s - p a r a l l e l  s w i t c h i n g  i s  

p e r f o r m e d  w i t h  B a n d  C ,  f i n a l l y  
Fig. 17 MPD CAP c h a r g i n g  method b y  

s e r i e s - p a r a 1  le1 s w i t c h i n g  o f  
b e i n g  c o n n e c t e d  i n  f u l l  s e r i e s ,  solar  c e l l s  

as w i t h  D ,  i n  t h e  f i n a l  s t a g e  of c h a r g i n g ,  s u p p l y i n g  low c u r r e n t ,  

h i g h  v o l t a g e  p o w e r .  N o t  o n l y  i s  t h e  o u t p u t  u t i l i z a t i o n  

e f f i c i e n c y i n c r e a s e d t o 8 0 5 & w h e n t h i s k i n d  o f  s y s t e m  i s u s e d , b u t  

t h e  w e i g h t  o f  t h e  sys tem i s  a l s o  g r e a t l y  d e c r e a s e d  s i n c e  t h e  

s w i t c h i n g  e l e m e n t s  f u l f i l l  t h e  r o l e  o f  a D C / D C  c o n v e r t e r .  The 

p r o p e l l a n t  is s u p p l i e d  from a hydrogen s t o r a g e  t a n k  which i s  a l s o  

u s e d  w i t h  t h e  gas j e t  s y s t e m ,  and t h e n  s t o r e d  i n s i d e  t h e  h i g h -  

s p e e d  e l e c t r o m a g n e t i c  v a l v e  (FAV) a f t e r  b e i n g  g a s s i f i e d  and  

d e c o m p o s e d .  Gas p u l s e s  a r e  i n j e c t e d  i n t o  t h e  d i s c h a r g e r  ( H E A D )  

t h r o u g h  t h e  FAV, w h e r e  t h e y  a r e  i o n i z e d  a n d  a c c e l e r a t e d  b y  t h e  

c u r r e n t  p u l s e s ,  which  a r e  synchronous ly  s u p p l i e d  by t h e  C A P ,  and 

f i n a l l y  d i s c h a r g e s  i n t o  t h e  space  a t m o s p h e r e  as a p l a s m a  j e t .  

The s e q u e n c e  o f  o p e r a t i o n  i s  e x e c u t e d  b y  commands f r o m  t h e  

p r o c e s s o r  ( D E P ) ,  and  s t a r t  a n d  s t o p  commands a r e  e x e c u t e d  

a c c o r d i n g  t o  commands r e c e i v e d  from an  e a r t h - b a s e d  c o n t r o l  c e n t e r  

by t h e  i n t e r f a c e  u n i t  ( I U ) .  

N e x t ,  I w i l l  a t t e m p t  t o  a d d r e s s  t h e  p r o b l e m  o f  m a x i m i z i n g  

21 



the increase in velocity AV per unit weight of the MPD propulsion 

system. AV is derived from 
AV=( F/M& 

=(F/P)(  AENIM.) 

wherein, ns is the weight of the space vessel and is considered 

constant, t is the total operating time during the mission, AE is 

the energy accumulated in the CAP, and N is the total number of 

shots during the mission. Meanwhile, the breakdown of the mass 

of the MPD propulsion system is expressed as 

Starting from the first item on the left, M p  is the mass of the 

propellant, Mc: capacitor, Mh: discharge head and FAV, Mch: 

charger, and Mcd:  control and interface unit. If z is the pulse 
width and 

M,=mrN 
A E = J V r  

are used, the expression 

is obtained through formulae (13 )  and (1 

(15; 

$1. Provided that the 

capacitor load is expressed as Q, 

(18) 

is true. F / P  is presently about 30 mN/kW, but it is still 

expanding. m / J V  is a quantity which nearly inversely 

proportional to the specific impulse I sp, which then of course 

decreases as the Isp increases. Mc/AE i s  the energy accumulation 

coefficient for the capacitor, which is 2 to 4 g / J  in aluminum 

electrolytic capacitor and 20 g / J  in metallic depositioned film 

capacitors which are presently on the market, which capacitors 

are extremely lightweight when electrolytic capacitors are used. 
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ORIG~MAL PACE IS 
OF POOR Q U A L m  

H o w e v e r ,  e l e c t r o l y t i c  c a p a c i t o r s  h a v e  a s h o r t  l i f e t i m e  a t  N t o  

1 0 4 ,  a n d  when t h a t  of  t h e  f i l m  c o n d e n s e r s  i s  c o n s i d e r e d ,  i . e .  N 

t o  108, t h e  l a t t e r  is  ove rwhe lming ly  advan tageous  t o  t h e  e x t e n t  

t h a t  i t  i s  S e e n  i n  l i g h t  of  (Mc/AE)/N* E f f o r t s  h a v e  b e e n  m a d e  

t o  reduce 'c/AE w i t h o u t  r e d u c i n g  N, e l i c i t i n g  es t imates  

If t h e  a l l o w a b l e  o f  a c h i e v i n g  10 g/J i n  f i l m  c a p a c i t o r s  [25-261. 

l i m i t  o f  e l e c t r o d e  f u s i o n  l o s s  e x p r e s s e d  as AMh, Mh/QN b e  

w r i t t e n  as 

Mh/QN=(Mh/dMh)(dMh/QNj (19) 

and with Mh/aMh t o  50 as t h e  s t a n d a r d  a l l o w a b l e  l i m i t s ,  0.5 pg/C 

i s  t h e  r e s u l t  f o r  dMh/PB U P  t o  now [27] .  A S  c a n  a l s o  b e  s e e n  

f r o m  t h e  f i r s t  i t e m  on t h e  r i g h t - h a n d  s i d e  o f  f o r m u l a  (18),  i t  

was d i s c o v e r e d  t h a t  i t  i s  a d v a n t a g e o u s  t o  t a k e  a h i g h  v a l u e  f o r  V 

( a n d ,  c o n s e q u e n t l y ,  a l a r g e  v a l u e  f o r  J> .  s ince ~ ~ h / p  is 

c o n s i d e r e d  t o  b e  a c o e f f i c i e n t  w h i c h  i s  n e a r l y  c o n s t a n t ,  t h e  

s e c o n d  i t e m  o n  t h e  r i g h t - h a n d  s i d e  o f  f o r m u l a  (18)  i s  

a d v a n t a g e o u s  i n  i n c r e a s i n g  t h e  v a l u e  f o r  N. Because Mcd is a 

mass w h i c h  i s  i n d e p e n d e n t  f r o m  t h e  s c a l e ,  i t  i s  i n e f f e c t i v e  t o  

t h e  e x t e n t  t h a t  i t  i s  l a r g e .  

From t h e  a b o v e  e x p r e s s i o n s ,  i t  

a p p e a r s  t h a t  t h e  l a r g e r  t h e  

v a l u e  f o r  N t h e  b e t t e r ,  b u t  f rom 

t h e  v i e w p o i n t  o f  t h e  l o n g e v i t y  
Fig. 18 Externa l  view of K X WD a r c j e t  

o f  t h e  d i s c h a r g e  h e a d ,  t h e  F A V ,  

and t h e  c a p a c i t o r ,  t h i s  becomes more d i f f i c u l t  as N e x c e e d s  107. 

I n  t e s t s  o n  s y s t e m s  w h i c h  c o n t a i n e d  e l e m e n t s  w h i c h  w e r e  

c o n s i d e r e d  e s s e n t i a l  up  u n t i l  now, p r e s e n t l y ,  1 0 6  has b e e n  

2 3  



a c h i e v e d ,  a n d  p r o s p e c t s  f o r  107 h a v e  b e e n  o b t a i n e d ,  u s i n g  a 

t h r u s t e r  l i k e  t h a t  shown i n  F i g u r e  18 [26-271. 

T h e r e  a l s o  D C  s y s t e m s  among t h e  MPD p r o p u l s i o n s  s y s t e m s ,  

deve lopment  o f  t h e s e  advanc ing  i n  West Germany. S i n c e  c a p a c i t o r s  

and FAV's are u n n e c e s s a r y  i n  DC s y s t e m s ,  it c a n  b e  e x p e c t e d  t h a t  

t h e  s y s t e m s  masses  w i l l  b e  r e d u c e d  a n d  t h e i r  r e l i a b i l i t y  

i n c r e a s e d .  However ,  s i n c e  t h e y  are  u n s u c c e s s f u l  i f  t h e  power  

s u p p l i e d  i s  n o t  g r e a t e r  t h a n  50 kW, t h e  t i m e  b e f o r e  t h e i r  

a p p l i c a t i o n  w i l l  p r o b a b l y  b e  de layed .  Q u a s i - s t e a d y  p u l s e  s y s t e m s  

c a n  b e  made c o r r e s p o n d i n g  t o  a v e r a g e  powers  o f  f rom 1 kW, and i f  

t h e  power  i s  i n c r e a s e d ,  t h e  o p e r a t i n g  e f f i c i e n c y  i s  i n c r e a s e d ,  

a l s o  e n a b l i n g  t h o s e  r e s u l t s  t o ,  i n  t h e  f u t u r e ,  g r a d u a l l y  approach  

t h e  pe r fo rmance  o f  t h e  DC sys tems.  I n  a d d i t i o n ,  t h e  q u a s i - s t e a d y  

p u l s e  s y s t e m  is  a l s o  advantageous  b e c a u s e  t h r o t t l i n g  is  p o s s i b l e  

w i t h  t h e  o p e r a t i n g  p o i n t s  f i x e d  by  chang ing  t h e  p u l s e  f r e q u e n c y  

and s i n c e  t h e  f u s i o n  l o s s  i s  minimal  p e r  a v e r a g e  power when t h e  

peak power i s  i n c r e a s e d .  

5. Application in Missions 

I . ' a s  ,' 90 :95 .2,000 

' SATELLITE TLST / 1 kW 

f LI MODEL 

SPACE STATION TEST / 20 kW 
i. I 20 kW UODEL 

HELIOSPBERIC PIPLORATION / 70 kW 
\ e = -  . !  

I 1  I I I 

Fig. 19 MF'D thruster  development plan 
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E x a m p l e s  o f  m i s s i o n s  i n  w h i c h  MPD p r o p u l s i o n  s y s t e m s  a r e  

e x p e c t e d  t o  b e  used  a r e  shown i n  F i g u r e  19. 1 kW g r a d e  s y s t e m s  

w i l l  b e  f i e l d  t e s t e d  i n  s a t e l l i t e s  i n  a r o u n d  1990,  a n d  i t  i s  

a n t i c i p a t e d  t h a t  t h e y  w i l l  be used i n  p o l a r  o r b i t  i n v e s t i g a t i o n  

m i s s i o n s  a r o u n d  t h e  moon s o m e t i m e  d u r i n g  t h e  1 9 9 0 ' s  [ 2 8 ] .  The 

g o a l s  o f  t h i s  m i s s i o n  would be  t o  

1 )  p e r f o r m  s t u d i e s  n e a r  t h e  l u n a r  s u r f a c e  u s i n g  a s p a c e  

c r a f t  w o u l d  s p i r a l  down f r o m  a p o l a r  o r b i t  a r o u n d  t h e  

moon, 

2 )  e s t a b l i s h  o r b i t a l  c o n t r o l  t e c h n i q u e s  f o r  p l a c i n g  s p a c e  

c r a f t  i n  h i g h  a l t i t u d e  p o l a r  o r b i t s  a r o u n d  t h e  moon, and  

t o  

3 )  cause  a s p a c e  c r a f t  t o  s p i r a l  down t o  a l o w  p o l a r  

o r b i t ,  u s i n g  a n  M P D  t h r u s t e r  s y s t e m ,  t h e r e b y  p r o v i n g  i t s  

p r o p u l s i o n  per formance .  

An a r t i s t s  c o n c e p t  o f  t h e  a probe a t  n e a r  100 km above t h e  l u n a r  

s u r f a c e  i s  shown  i n  F i g u r e  20. The s p a c e  c r a f t  i s  shown  i n  a n  

a t t i t u d e  o f  d e s c e n d i n g  b y  

e m i t t i n g  p l a s m a  f r o m  a n  MPD 

t h r u s t e r  i n  t h e  d i r e c t i o n  o f  

p r o g r e s s  w h i l e  m o v i n g  t o  t h e  

l e f t .  T h e  o r b i t  i s  s i t u a t e d  

j u s t  a t  t h e  b o r d e r  be tween n i g h t  
Fia. 20 P r o x i m a l  e x D l o r a t i o n  o f  l u n a r  - 

surface by lunar polar  o r b i t i n g  
spacecraft  using WD t h r u s t e r s  and  d a y ,  a n d  r o t a t e s  i n  a s t a t e  

of t o t a l  s u n l i g h t ,  e n a b l i n g  i t  t o  r e c e i v e  c o n s t a n t  power  a n d  

c o n t i n u e  e m i s s i o n s .  S c i e n t i f i c  o b s e r v a t i o n s  w h i c h  a r e  b e i n g  

c o n s i d e r e d  i n c l u d e  t h e  m e a s u r e m e n t  o f  t h e  d i s t r i b u t i o n s  o f  
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m a g n e t i s m ,  g r a v i t y ,  and  o r e s ,  e t c .  A s  shown i n  F i g u r e  2 1 ,  t h e  

Fig. 21 Application of  MPD Yhrusters in lunar polar orbit 

s p a c e  c r a f t  would b e  l a u n c h e d  t o  a n  a l t i t u d e  o f  a p p r o x i m a t e l y  

10,000 km, when t h e  e a r t h ,  moon, and  s u n  a r e  a l i g n e d ,  i n t o  a n  

o r b i t  c o n t a i n i n g  t h i s  a l i g n e d  a x i s .  A p p r o x i m a t e l y  t w o  m o n t h s  

a f t e r  t h i s ,  t h e  MPD t h r u s t e r s  w i l l  be a c t i v a t e d  i n  a n t i c i p a t i o n  

of  t h e  o r b i t  coming i n t o  t o t a l  s u n l i g h t .  Two months a f t e r  t h a t ,  

as t h e  s p a c e  c ra f t  c o n t i n u e s  t o  descend i n  n e a r l y  t o t a l  s u n l i g h t ,  

i t  w i l l  come t o  an  a l t i t u d e  o f  2000 km. I n  t h i s  c o n d i t i o n ,  once 

t h e  t h r u s t e r s  a r e  s t o p p e d ,  o b s e r v a t i o n s  w i l l  b e  c a r r i e d  o u t  f o r  

a p p r o x i m a t e l y  4 months w h i l e  m a i n t a i n i n g  i n e r t i a l  f l i g h t .  When 

t h e  t h r u s t e r s  a r e  a g a i n  a c t i v a t e d  d u r i n g  t h e  n e x t  t w o  mon th  

p e r i o d  o f  t o t a l  s u n l i g h t ,  t h e  s p a c e  c r a f t  w i l l  t h e o r e t i c a l l y  

descend t o  an  a l t i t u d e  of zero .  Of  c o u r s e ,  t h e  o p e r a t i n g  t ime  o f  

t h e  p r i m a r y  and  s e c o n d a r y  t h r u s t e r s  w i l l  b e  s t o p p e d  a t  random 

a l t i t u d e s  s o  t h a t  s e v e r a l  o b s e r v a t i o n s  c a n  b e  p e r f o r m e d  d u r i n g  

r o t a t i n g  o r  w h i l e  s t a t i o n a r y .  A l s o ,  i f  t h e  d i r e c t i o n  o f  t h e  

t h r u s t  i s  i n v e r t e d ,  i t  becomes  p o s s i b l e  t o  move t h e  s p a c e  c r a f t  

f r o m  a n y  a l t i t u d e  a n d  r e t u r n  i t  t o  a p r e v i o u s  a l t i t u d e .  

C o n s i d e r ,  f o r  a moment, t h e  p r o p e l l a n t  r e q u i r e d  t o  descend f r o m  
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an a l t i t u d e  of  10,000 m t o  t h e  l u n a r  su r f ace  and assume t h a t  t h e  

mass o f  t h e  s p a c e  c r a f t  i s  a p p r o x i m a t e l y  t h a t  shown  i n  T a b l e  1 .  - 199 

Table 1 Table of masses involved in 
lunar polar orbiting probe spacecraft 

Component Subystem Comments 
(kg) 

1.  Power system 
Solar cell panel 

Battery 
Power controller 

2. Communications system 
3. CDM system 
4. Orbit-Attitude control system 

Gyroscope 
Control circuit 
Gas jet device 
N2H4 

Sensors 
Newtation damper 

5 .  Heat control system 
6 .  Structural 
7 .  Observation devices 
8 .  MPD system 

Power controller 
Capacitor 
Discharge head 
Propellant supply 

20 
30 

majority for MPD 
drive 

5 
5 

10 

45 
7.5 

2 
10 
10 
15 

7 
1 

10 
25 
10 
27 

4 
15 

6 
2 

including foil 

includes MPD 
propellant 

Total Mass 164.5 

The MPD s y s t e m  c o m p r i s e s  27 k g ,  b u t ,  b e s i d e s  t h i s ,  o f  t h e  

m a j o r i t y  o f  t h e  c o m p o n e n t s  of t h e  s o l a r  c e l l  a r r a y  a n d  t h e  

p r o p e l l a n t ,  a p p r o x i m a t e l y  10 kg are used  f o r  MPD o p e r a t i o n .  The 

s p e c i f i c a t i o n s  f o r  t h e  t h r u s t e r  t o  b e  u s e d  i n  t h i s  m i s s i o n  h a v e  

b e e n  c o m p i l e d  i n  T a b l e  2. The number  o f  s h o t s  r e q u i r e d  f o r  

o p e r a t i o n  a t  a f r e q u e n c y  o f  1 Hz i s  10 m i l l i o n ,  b u t  t h e  c r a f t  

w i l l  have  a r edundan t  sys t em equipped w i t h  two d i s c h a r g e  h e a d s ,  

as s h o w n  i n  F i g u r e  1 9 ,  c a u s i n g  them t o  o p e r a t e  t o g e t h e r  a t  o n l y  
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Table 2 Specificatiorsfor MPD thruster  t o  be used i n  
lunar polar orb i t  probe. 

Specific impulse 
Thrust efficiency 
Thermal efficiency 
Thrust/power r a t io  
Primary input 
Discharger input 
Power conversion efficiency 
Pulse width 
Repeat frequency 
Propellant 

Allowable repeti t ions ( 1  Hz) 

Thrust 
Acceleration 
Velocity change 

(Av, 116 days) 

2,000 sec 
3s w 

X mN/kW 
850 W 
600 W a 

>600 psec 
71 Hz - 

hydrogen or 
~ 

ammonia 
10 million pulses 

18 mN 
1 .2x10-4 m/sec2 

1.2 km/sec. 

* w/ series-parallel  
switching of solar  array 

* t h ro t t l i ng  possible 
* composite propellant 

system 

0.5 Hz. The amount o f  i n c r e a s e  i n  v e l o c i t y  which can  b e  p r o v i d e d  

f o r  a s p a c e  c r a f t  w h i c h  p o s s e s s i n g  t h e  mass shown  i n  T a b l e  1 by  

t h i s  MPD t h r u s t e r  is 1.2 km/s, s u p p o r t i n g  i t s  a b i l i t y  t o  c o m p l e t e  

t h e  m i s s i o n .  

F u r t h e r m o r e ,  i t  i s  b e l i e v e d  t h a t  a p r o b e  m i s s i o n  o f  t h e  

r e m o t e  r e g i o n s  of  t h e  s o l a r  sys tem w i l l  be  conducted  i n  a b o u t  t h e  

y e a r  2 0 0 0  u s i n g  a 100 kW n u c l e a r  p o w e r e d  e l e c t r i c  p r o p u l s i o n  

sys t em.  Outside o f  t h e  s o l a r  sys t em,  t h e r e  a re  a l s o  p r o j e c t i o n s  

t h a t  MPD p r o p u l s i o n  w i l l  b e  u t i l i z e d  w i t h  t h e  g o a l  of  p r o b i n g  t h e  

p l a s m a  of  t h e  G a l a x y  w i t h  a f l i g h t  t i m e  o f  7 y e a r s ,  s h o r t e n i n g  

t r a j e c t o r y  f l i g h t  b y  n e a r l y  h a l f .  U s i n g  h y d r o g e n  a s  t h e  

p r o p e l l a n t ,  t h e  MPD t h r u s t e r  can o p e r a t e  f o r  a p p r o x i m a t e l y  h a l f  a 

y e a r  a t  6000 s e c o n d s  s p e c i f i c  i m p u l s e .  T h i s  k i n d  o f  s p e c i f i c  

i m p u l s e  h a s  a l r e a d y  been  ach ieved  a t  a p p r o x i m a t e l y  60% e f f i c i e n c y  

[ 2 3 ] ,  and  i t  i s  a n t i c i p a t e d  t h a t  e f f o r t s  w i l l  b e  m a d e  t o w a r d  

i m p r o v i n g  i t s  d u r a t i o n  per formance  as a sys t em.  
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The t r a n s p o r t  of l a r g e  s c a l e  s t r u c t u r e s  f r o m  a l o w - h i g h  

a l t i t u d e  o r b i t  t o  a s t a t i o n a r y  o r b i t  a r e  a l s o  b e i n g  d i s c u s s e d  as 

p o s s i b l e  e a r t h  o r b i t  m i s s i o n s  [29]. I n  compar i sons  w i t h  c h e m i c a l  

r o c k e t s ,  when c a r r y i n g  a 5 t o n  p a y l o a d  a t  50 kW o f  p o w e r ,  b o t h  

c h e m i c a l  a n d  MPD s y s t e m s  a r e  r i v a l s ,  a n d  i t  i s  a r g u e d  t h a t  MPD 

s y s t e m s  a r e  more  a d v a n t a g e o u s  i n  e x c e s s  o f  200 kW w i t h  2 0  t o n  

pay loads .  A q u a s i - s t e a d  p u l s e  MPD s y s t e m  was t h e  o b j e c t  o f  t h i s  

a n a l y s i s ,  b u t  i t  i s  b e l i e v e d  t h a t  D C  s y s t e m s  a r e  e v e n  b e t t e r  a t  

l e v e l s  o v e r  100 kW. 

6 - Conclusion 

I w o n d e r  i f  I h a v e  made y o u  u n d e r s t a n d  i n  t h e  a b o v e  

d i s s e r t a t i o n ,  b u t  improved per formance  i n  t h e  MPD t h r u s t e r ,  which 

h a s  c o n t i n u e d  i n  o b s c u r i t y  u n t i l  i t s  s t a r t  i n  t h e  1970's,  h a s  

come t o  p r o g r e s s  as h a s  i t s  d e v e l o p m e n t  as a s y s t e m .  Above a l l  

e l s e ,  t h i s  t h r u s t e r  s t a r t e d  f r o m  t h e  a r c j e t ,  a n d  h a s  come t o  

e x p a n d  t h e  c a p a b i l i t i e s  o f  t h e  c o n v e n t i o n a l  g a s  j e t .  A l s o ,  

b e c a u s e  i t  i s  a f l u i d - e l e c t r o m a g n e t i c  m e c h a n i s m ,  i t  h a s  p i q u e d  

o u r  a c a d e m i c  i n t e r e s t  i n  m a g n e t o h y d r o d y n a m i c s ,  e l e c t r i c a l  

b o u n d a r y  l a y e r s ,  and  p l a s m a  t u r b u l e n c e ,  e t c .  I r e q u e s t  t h e  

p a r t i c i p a t i o n  of  young r e s e a r c h e r s  who a r e  s t i l l  b u r n i n g  w i t h  t h e  

d e s i r e  t o  improve per formance  t o  become i n v o l v e d  w i t h  t h e s e  k i n d s  

of  problems.  
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